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Brain regions are not independent. They are interconnected by white matter tracts, together forming one integrative complex network.
The topology of this network is crucial for efficient information integration between brain regions. Here, we demonstrate that schizo-
phrenia involves an aberrant topology of the structural infrastructure of the brain network. Using graph theoretical analysis, complex
structural brainnetworks of 40 schizophrenia patients and40humanhealthy controlswere examined.Diffusion tensor imagingwasused
to reconstruct the whitematter connections of the brain network, with the strength of the connections defined as the level ofmyelination
of the tracts as measured through means of magnetization transfer ratio magnetic resonance imaging. Patients displayed a preserved
overall small-world network organization, but focusing on specific brain regions and their capacity to communicatewith other regions of
the brain revealed significantly longer node-specific path lengths (higher L) of frontal and temporal regions, especially of bilateral
inferior/superior frontal cortex and temporal pole regions. These findings suggest that schizophrenia impacts global network connec-
tivity of frontal and temporal brain regions. Furthermore, frontal hubs of patients showed a significant reduction of betweenness
centrality, suggesting a less central hub role of these regions in the overall network structure. Together, our findings suggest that
schizophrenia patients have a less strongly globally integrated structural brain network with a reduced central role for key frontal hubs,
resulting in a limited structural capacity to integrate information across brain regions.
Introduction
The human brain is a complex network of interacting regions.
Recent pioneering studies have probed the organization of the
brain network using “graph theory” (Sporns and Zwi, 2004;
Achard et al., 2006; Hagmann et al., 2007; van den Heuvel et al.,
2008a; Stam et al., 2009), amathematical framework in which the
brain is represented as a network of nodes, reflecting the different
brain regions, and connections between the nodes, representing
white matter tracts (for review on brain networks, see Reijneveld
et al., 2007, Bullmore and Sporns, 2009); Figure 1 shows the
graphmeasures used in this paper. These studies showed that the
human brain network is organized according to a highly efficient
small-world topology (Watts and Strogatz, 1998) combining a
high level of segregation with a high level of global efficiency
(Bullmore and Sporns, 2009); it is an organization critical for effec-
tive integration of information between brain regions (Kaiser and
Hilgetag, 2006) and cognitive fitness (Bassett et al., 2009; Li et al.,
2009; van denHeuvel et al., 2009a).
Schizophrenia, a psychiatric disorder characterized by hallu-
cinations, delusions, loss of initiative, and cognitive impair-
ments, has long been suggested to be related to a reduced capacity
to integrate information between the different regions of the brain
(Kraepelin, 1919; Friston, 1998). Magnetic resonance imaging
(MRI) studies have shownmorphological abnormalities of fron-
tal and temporal gray matter structures in patients (Wright et al.,
2000; Hulshoff Pol and Kahn, 2008; Arnone et al., 2009; Ellison-
Wright and Bullmore, 2010). Furthermore, studies using diffu-
sion tensor imaging (DTI), a technique that enables the
examination of white matter tracts of the brain, have revealed
reduced white matter microstructural integrity of specific frontal
and temporal white matter structures (Kanaan et al., 2005; Ku-
bicki et al., 2007; Ellison-Wright and Bullmore, 2009; Voineskos
et al., 2010). It remains unknown, however, whether the overall
brain network infrastructure is affected in schizophrenia. Here,
we studied the complex brain networks of 40 schizophrenia pa-
tients and 40 matched healthy controls constructed from DTI
data. Within a weighted graph approach, one can incorporate
additional information on the strength of the connections on a
continuous scale, enabling a more detailed examination of the
organization of a network. Fractional anisotropy (FA) values,
subtracted from the DTI measurements, provide information on
the general microstructural organization of white matter, incor-
porating information on fiber orientation and fiber structure.
However, a more intuitive and direct measure for the connectiv-
ity strength of white matter tracts is their level of myelination, as
myelin is known to play a crucial role in facilitating fast informa-
tion transport along axonal bundles (Bozzali andWrabetz, 2004).
We therefore combined DTI with magnetic transfer imaging
(MTR), a technique that is sensitive to the level of macromole-
cules (including myelin) present in brain tissue. Key graph orga-
nizational properties of the individual MTR-weighted brain
networks were computed and compared between the patient and
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healthy control groups. As control condi-
tions, brain networkswere also examined in
an FA-weighted fashion and an unweighted
fashion to provide additional information
on the underlying fiber connectivity struc-
ture of the brain network.
Materials andMethods
Subjects
A group of 40 patients with schizophrenia and
40 healthy participants participated in this
study (matched for age, gender, handedness,
and parental education) (Mandl et al., 2008),
after obtaining written informed consent as
approved by theMedical Ethics Committee for
Research inHumans (METC) of theUniversity
Medical Center Utrecht, Utrecht, The Nether-
lands. The study was performed according to
the directives of the Declaration of Helsinki
(amendment of Edinburgh, 2000). Healthy
participants were recruited by means of local
newspaper advertisements. Healthy controls
had no first-degree relative with anymental ill-
ness or a second-degree family member with a
psychotic disorder. Patients were diagnosed in
the presence of a psychiatrist with the Compre-
hensive Assessment of Symptoms and History
(CASH) (Andreasen et al., 1992), leading to a
Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (American Psychiat-
ric Association, 1994) diagnosis for schizo-
phrenia. “Age of onset of illness”was defined as
the age of which the participants started to ex-
perience psychotic symptoms for the first time,
as obtained by the CASH. At time of scanning,
all patients were receiving typical or atypical
antipsychotic medication. To assess drug use
of patients and healthy controls, the Com-
posite International Diagnostic Interview
(CIDI) (Robins et al., 1988) was used. Four
patients and one healthy participant met crite-
ria for drug abuse and one patient met criteria for drug dependency,
including the use of cannabis (in all six subjects) and others (three sub-
jects). For demographics, see Table 1.
Image acquisition and processing
Acquisition
All participants underwent a 35 min scanning session in which well val-
idated DTI, MTR, and anatomical T1 images were acquired. MRI scans
were made on a 1.5 tesla Philips Intera clinical scanner at the University
Medical Center Utrecht. For each subject, first a three-dimensional ana-
tomical T1 image was acquired for anatomical reference (acquisition:
spoiled gradient T1 weighted, coronal, echo time (TE) 4.6 ms, repeti-
tion time (TR)  30 ms, flip angle  30, 160–180 contiguous slices
coveringwhole brain, 1 1 1.2mm3 voxels, SENSE: 1.5/1.5). After the
T1 image, two sets of DTI images were acquired, each consisting of 32
diffusion-weighted volumes with different noncollinear diffusion direc-
tions, all with a b-factor 1000 s/mm2 and eight diffusion-unweighted
volumeswith a b-factor 0 s/mm2 (acquisition: TE 88ms, TR 9822
ms, SENSE: 2.5; flip angle  90, 60 slices of 2.5 mm voxels, covering
whole brain). Third, directly after acquiring the two DTI sets, an MTR
scan was acquired to get information on the level of myelination of white
matter consisting of two images (acquisition: TE  3.7 ms, TR  37.5,
SENSE: 2.5, flip angle  8, 60 slices of 2.5 mm voxels, covering whole
brain), with the second MTR image acquired with an additional off-
resonance prepulse (three-lobe sync-shaped, frequency offset 1100 Hz,
620°), designed to excite macromolecules, including myelin (Wolff and
Balaban, 1994; van Buchem, 1999).
Image preprocessing
DTI, MTR, and T1 images were preprocessed as follows.
DTI preprocessing. First, the twoDTI sets were realigned and corrected
for common gradient-induced distortions (Andersson and Skare, 2002).
Second, within each voxel the diffusion profile was fitted a tensor using
the two sets of 32weighted images and the averageB 0 image. From the
resulting tensor, the main diffusion direction in each voxel was selected
as the principal eigenvector resulting from the eigenvalue decomposition
of the fitted tensor, marking the preferred diffusion direction in each
voxel. For each voxel the FA, indicating the level of anisotropic diffusion,
was computed (Beaulieu and Allen, 1994; Basser and Pierpaoli, 1996).
MTR preprocessing. For each dataset, the MTR images were realigned
to correct for possible small headmovements usingmutual information.
For each voxel, the MTR value, marking the level of macromolecules
present was computed as the percentage of the signal lost due to the
application of the prepulse by computing the normalized difference be-
tween the prepulsed volume Imt (volumewith prepulse) and the nonpre-
pulsed volume I0 (first acquired volume without prepulse). Formally:
MTR 
Imt  I0
I0
. (1)
Registration
For each subject individually, the anatomical reference T1 image was
realigned to the B 0 image (rigid transformations using mutual infor-
mation), and the MTR images were realigned (rigid) with the DTI im-
ages, taking theB 0 images as a target and the IoMTR image. To enable
Figure 1. The brain network, a graph, and graph organizational measurements. Each individual structural brain network was repre-
sentedasagraph(a).Agraph isamathematicaldescriptionofanetwork (b), consistingofacollectionofnodes (bluedots)andacollection
of connections between the nodes (green lines). Aweighted graph (c) is a network inwhich the strength of the connections is taken into
account, expressing a tighter connection between two nodes as onewith a higherweight. Froma graph, a number of key organizational
characteristics can be computed describing the local and global organization of the connections and the overall structure of the network.
Theconnectivity strengthSiofagraph (d) ismeasuredas the sumof theweightsof eachnode iand reflectshowstrongnode i is connected
to the rest of thenetwork. Thenode-specific clustering coefficient Ci (e) is computedas theweight intensities of the local subnetworkGiof
node i in ratio of the total number of possible connections and provides information about how strongly node i is connected locally in the
graph. Furthermore, thenode-specific travel distance Li (f ) reflects theaveragedistance fromnode i to every other node in thenetwork. Li
is computedas the shortest travel distancebetweennode iand j in thenetwork, averagedover all nodes j, i.e., all connections thathave to
be crossed to travel fromnode i to node j in the network. In aweightedgraph, the shortest distance betweennode i andnode j is typically
definedas the sumof the inverseof theweightsof theconnections thathave tobepassed to travel fromnode i tonode j. Thebetweenness
centrality Bi of node i (g) is computed as the number of shortest routes between two nodes h and j in the graph that pass through node i,
expressing how central node i is located in the network. Finally, measures of overall organization can be computed by averaging the
node-specific values Si, Ci, and Li, over all nodes i in the network.
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group comparison, the anatomical images were normalized to standard
space, using nonlinear transformation of the subject’s T1 image to the
standard MNI305 space (Collins et al., 1994).
Fiber tract reconstruction
Next, for each individual dataset, white matter tracts of the brain network
were reconstructed using the fiber assignment by continuous tracking
(FACT) algorithm (Mori and van Zijl, 2002). This enabled the reconstruc-
tionof eachwhitematter tract in thebrain, often referred to as fibers or tracts
(Van denHeuvel et al., 2008b, 2009b). Fibers were reconstructed by starting
eight seeds in each voxel and following the main diffusion direction of each
voxel (as selected as the principal eigenvector) until the fiber tract entered a
voxel with a low level of diffusion preference (FA 0.1) or made an unex-
pected high angular turn (angle 45 degrees), or when the fiber followed a
highly different path from the diffusion profiles of its surrounding voxels
(angle45degrees).Within agraph theoretical setting, one can incorporate
information on the strength (referred to as weight) of the connections, de-
fining the strength of a structural connection between brain regions on a
continuous scale. An intuitive measure for the strength of a white matter
connection is its levelofmyelination,asmeasuredbyMTR,ashigher levelsof
myelination have been linked to higher transportation speeds along the ax-
onal connections (Wolff and Balaban, 1994; van Buchem, 1999). Therefore,
the strength of each reconstructed fiber was labeled with its corresponding
MTR value by assigning each point of the fiber tract with theMTR value of
the voxels along the three-dimensional (3D) path of the fiber (Mandl et al.,
2008, 2010; van den Heuvel et al., 2008b, 2009b). Finally, to enable exami-
nation of these fibers on a group level, individual fibers were normalized to
standard space using the normalization parameters of the individual T1
image to the normalized T1MNI305 space (Mandl et al., 2008).
Graph theory: construction of structural brain networks
Using the collection of all reconstructed DTI fiber tracts, a structural
brain network was constructed for each individual dataset by using a
validated graph theoretical framework (Hagmann et al., 2007; van den
Heuvel et al., 2008a, 2009a; Bullmore and Sporns, 2009). This procedure
included the following steps, illustrated one-by-one in Figure 2a–i. A
graph G  (V,E) consists of a collection of nodes V and a collection of
connections E, determining the level of connectivity between the nodes.
First, brain regions (i.e., the nodes of the graph G) were defined on basis
of the T1 image (Fig. 2a) and the automatic anatomical label (AAL)
template (Fig. 2b), an anatomical label map that corresponds to the
normalized T1 anatomical template brain (Collins et al., 1994; Tzourio-
Mazoyer et al., 2002), parcellating the brain into 108 unique regions (Fig.
2b). Next, each individual DTI connectivity dataset was represented as a
graphG, with the brain regions defined as the nodes of the graph and the
edges between nodes i and j (i.e., brain region i and region j) reflecting a
reconstructed white matter tract. For each pair of two regions in the AAL
template, it was determined whether the two regions were connected by
a white matter pathway by selecting the fibers that touched both region i
and j in the total collection of reconstructed tracts, if any (Van den
Heuvel et al., 2008b, 2009b) (Fig. 2c,d). This procedure was repeated for
all regions i and j in the template map (Fig. 2c,d, red loop). Next, for each
connection in G (Fig. 2d) the strength of a connection was taken as the
average level of MTR (believed to reflect the level of myelination of the
tract) of the selected fiber tracts (Fig. 2d) and filled in the weighted
connectivity matrix M (Fig. 2e). This resulted in a matrix representation
of the undirected weighted brain network, with weighted connections
between brain regions that are structurally connected and the strength of
the connections expressed by the level of MTR (Fig. 2f ).
Graph theory: computation of the graph organizational
characteristics, overall organization and node-specific measures
The topology of the weighted structural brain networks of the patients
and the healthy controls were examined using graph theory. For each
individual dataset, the organization of the structural brain networks was
examined by computing the overall level of connectivity S, normalized
clustering-coefficient gamma, and normalized characteristic path length
lambda (Fig. 2g), together with an exploratory analysis of the behavior of
each node in the network specifically, including the regional measures
weighteddegreeof strengthSi, thepath lengthLi, theclusteringcoefficientCi,
and the betweenness centrality Bi (see Fig. 1 for illustration). The graph
organizational measures were computed as follows (Brain Connectivity Tool-
box, http://www.brain-connectivity-toolbox.net) (Rubinov and Sporns, 2010).
First, for each individual connectivity matrix M, the weights of the
connections were normalized to the maximum of M, normalizing for
individual overall differences in connectivity strength:
wij 
MTRtractij
maxMTR
. (2)
For each of the individual brain networks it was ensured that the graph
was connected, meaning that none of the brain regions were discon-
nected from the graph.
Weighted connectivity strength S. Next, the connection strength Si of
each node i in the network was computed as the sum of the weights of all
the connections of node i, providing information on the total level of
(weighted) connectivity of a node (Fig. 1d). Formally:
Si  jN wij. (3)
In turn, the total connection strength S of the graph G was computed as
the sum of Si for all nodes N in G:
S 
1
N iN Si. (4)
As the weights of the connections were taken as the level of MTR (as a
marker for their level of myelination), whole-brain S expresses an overall
level of MTR of the connectivity brain network.
Weighted clustering coefficient C. The weighted clustering-coefficient
Ci of node i was computed, expressing the likelihood that the neighbors
of node i are interconnected, providing information on how strong node
i and its direct neighbors are clustered (Fig. 1e), formally (Rubinov and
Sporns, 2010):
Ci
weighted 
j,hN wijwihwjh13
kiki  1
, (5)
Table 1. Demographic data of the group of schizophrenia patients and group of
matched healthy participants
Schizophrenia
patients
Matched healthy
participants
N 40 40
Male/female 30/10 29/11
Age: range, mean (SD) (years) 20–41, 26.8 (5.8) 18–45, 28.0 (7.7)
Handedness: right/left/ambidextrous 37/3/0 35/5/0
Level of education: mean (SD) (years) 10.4 (2.5) 13.8 (2.2)
Parental level of education mean (SD)
(years)
13.6 (2.7) 13.6 (3.2)
Age at first symptoms: range, mean (SD)
(years)
16.9–38.4, 27.7 (5.6)
Duration of illness: mean (SD) (months) 25.1 (17.4)
Medication at time of the scan
Typical antipsychotics: N, median
(range) haldol equivalent
40, 3.5 (4.7)
Atypical antipsychotics: N, median
(range) haldol equivalent
29, 7.1 (12)
Cumulative medication
Typical antipsychotics: N, mean 1,106.5
Atypical antipsychotics: N, mean (SD) 22, 36208.4 (6830.9)
Typical and atypical antipsychotics N,
mean (SD)
13, 10956.2 (9640.3)
PANSS positive symptoms: mean (SD) 15.7 (5.6)
PANSS negative symptoms: mean (SD) 15.6 (5.7)
PANSS general symptoms: mean (SD) 31.0 (7.2)
PANSS total score: mean (SD) 62.3 (15.8)
PANSS general symptoms: mean (SD) 14.4 (7.9)
See supplemental materials for a detailed description of symbols. PANSS, Positive and negative symptom scale.
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with wij the weight between node i and node j in the network. Leaf nodes
(nodes with only one connection) were assigned a Ci of 0. The overall
clustering-coefficient C of G was computed as the average of Ci over all
voxels i in G:
Cweighted 
1
n iN Ciweighted. (6)
Weighted characteristic path length L. The weighted path length Li of
each node i was computed as the average minimal travel distance d(i,j)
between node i and all nodes j in the network (Fig. 1f), measured as the
inverse of the weights of the connections that have to be crossed to travel
from node i to node j in the graph. Formally:
Li
weighted 
jN,ij dweightedi, j
n  1
, (7)
with
dweightedi, j  
u,vgi7j
w
1
wuv
(8)
and with gi7j
w the shortest weighted distance between node i and j in the
graph, crossing on the way nodes u and v, with wuv defined as the weight
of the connection between node u and region v (i.e., normalized MTR
value of the fiber tract interconnecting regionu and region v). In turn, the
weighted characteristic path length L of the entire network, expressing
how well the overall network is connected, was computed as the mean
over all Li for all i in G:
Lweighted 
1
N iN Liweighted . (9)
Weighted betweenness centrality B. The level of centrality (Fig. 1g) of a
node provides information on how central node i is located in the overall
network, expressing the importance of a node i in facilitating communi-
cation between the different regions of the brain network. The level of
weighted betweenness centrality Bi for node i in the network was com-
puted as the number of shortest paths between any two nodes h and j in
the network that pass through node i (Rubinov and Sporns, 2010):
Bi
weighted 
1
n  1n  2 h, jN,hi, j,ij sphjisphj , (10)
with sphji the number of shortest path between h and j that passes
through node i. Bi was computed for all nodes i in the network and for
datasets, both patients and healthy participants.
Identification of hubs. “Hub nodes” or “hubs” take a central position in
Figure2. Schematic overviewof formation of individual structural brain networks. For each individual dataset, a structural brain networkwas constructed. First, for each dataset (a) from theAAL
template consisting of 108 unique brain regions (54 each hemisphere), two regions, i and j, were selected (b). From the total collection of reconstructedwhitematter tracts (based on the DTI data),
the whitematter fibers interconnecting region i and region jwere selected by selecting those tracts that touched both region i and region j. If this selection procedure revealed fibers between i and
j (c), node i andnode j in thebrain networkwere interconnectedby a connection. Furthermore, theweightwijof the connectionbetweennode i and jwas selected as theMTRvalue along the selected
fibers, reflecting the level of myelination of the selected tract (d), andwijwas included in cell cij of the weighted connectivity matrixM. If no tract was found between region i and j, no connection
was included in graph G, resulting in cij value of 0 in M. These steps were repeated for all regions i and j in the AAL template (e), resulting in a filled weighted connectivity matrixM, representing a
weighted undirected graph G (f ). Next, from the resulting brain network overall organizational characteristics (g) and node-specific organizational characteristics (h) (see supplemental materials
and Fig. 1) were computed and compared between patients and healthy controls (i).
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a network. They can be easily reached bymost of the nodes of the network
due to their central position, playing a crucial role in fast transport and
efficient integration of information across the network (Sporns et al.,
2007; Bullmore and Sporns, 2009). Severalmetrics can be used to identify
hubs. Hub nodes generally display an above average high number of
connections, a high level of (betweenness) centrality, a short average
distance towards the other nodes of the network, and a low clustering
coefficient (Sporns et al., 2007; Bullmore and Sporns, 2009). The struc-
tural hubs of the healthy brain network were identified by computing a
level of “hubness” for each node in the average brain network of the
group of healthy controls, determining whether a node belonged to: (1)
the top 20% of nodes showing the highest level of connectivity Si; (2) the
top 20% of nodes showing the highest level centrality Bi; (3) the top 20%
of nodes showing the lowestLi; and/or (4) the top 20%nodes showing the
lowestCi. Each nodewas assigned a score between 0 and 4, determined by
the total number of hub criteria fulfilled. Regions showing a hub-score of
2 or higher were marked as hub nodes.
To determine how a graph is organized locally and globally, the clus-
tering coefficient C and path length L of a graph are typically compared
with the (weighted) clustering coefficient C random and (weighted) char-
acteristic path length L random of a random network. Therefore, for each
individual brain network a set of 100 comparable random networks with
similar degree sequence and symmetric adjacency matrix were formed,
and C random and L random were defined as the average clustering coeffi-
cient and characteristic path length, respectively, over these random
networks. Small-world networks are characterized by a clustering-
coefficientC, which isC random, or a ratio gamma defined asC/C random
1 and an average path length that is around the same order as that of the
comparable random graph, expressed by L	 L random or a ratio lambda
defined as L/L random of	1 (Bullmore and Sporns, 2009).
Statistics
Whole-brain group network analysis. Differences in overall organizational
graph characteristics between the group of patients and the group of
healthy controls were examined using permutation testing (Bassett et al.,
2008) (Fig. 2i-1). First, for each individual brain network the graph pa-
rameters (S, gamma, and lambda) were computed (as described above).
Second, between-group differences on S, gamma and lambda were com-
puted between the group of patients and healthy controls. Third, in the
permutation step, each subject was randomly assigned to one of two
random groups consisting of the same number of subjects as the original
patient and control groups (n  40). Next, differences between the pa-
rameters S, gamma and lambda of the two random groups were com-
puted. This procedurewas repeated for 10,000 permutations, resulting in
a sampled between-group difference null distribution for each graph
metric. Finally, for the S, lambda, and gamma parameters, the observed
patient versus control between-group effect (step 2) was assigned a p
value by computing the proportion of the total number of 10,000 entries
resulting from the permutation that was greater than (or smaller than if
the effect was negative) the observed patient versus control group effect.
A significance threshold of   0.05 (uncorrected) was used for testing
the overall connectivity strength S, normalized clustering gamma, and
normalized path length lambdameasures.
Node-specific group analysis. Second, the role of each individual node
in the network (i.e., each region in the brain network) was examined by
comparing each node-specific weighted Si, Li, Ci,, and Bi values between
patients and controls for all nodes i (i.e., for all brain regions) (Fig. 2i-2).
This analysis was conducted to examinewhether the role of region i in the
overall organization of the brain network was changed in patients. To
investigate between-group differences in node-specific Si, Ci, Li, and Bi
values between patients and controls, a permutation test was used. This
procedure followed the same steps as the permutation test of the whole-
brain graph measures (10,000 permutations; see above, Whole brain
group network analysis), resulting in a null distribution for each node-
specific parameter and a p value for each between-group difference in Si,
Li, Ci, andBi for each of the 108 nodesof the brain network. A significance
threshold of 0.05 (uncorrected) was used. To address the problem of
multiple comparisons (i.e., the problem of multiple testing 108 brain
regions for multiple graph metrics), effects were tested on whether they
survived a false discovery rate (FDR) threshold of q  0.05 (Benjamini
and Hochberg, 1995) determined over all node-specific parameters to-
gether, providing good control over false positives. FDR correction was
used, but future studies are needed to determine the optimal methodol-
ogy to control for multiple testing in a network setting. Alternative cor-
rection methods have been suggested (Zalesky et al., 2010).
Graph modeling
Graph measures can be strongly related to each other; for example, a
node with more connections is likely to have a shorter path length and a
higher centrality. To get a better understanding of whether possible
between-group differences in Li and Bi effects are the result of “just”
changing connectivity strength (i.e., changed number of connections or
weighted connectivity strength Si) or whether they reflect organizational
differences, an exploratory “graph modeling” analysis was conducted
(Stam et al., 2009). In this modeling analysis, observed between-group
changes in connectivity strength (Si) were simulated in the brain net-
works of the healthy control group by taking the brain network G of the
healthy controls and replacing the weights of each node in G at which a
significant schizophrenia-linked effect on Si was observed (see Results)
by theweights of the connections from the brain networks of the patients,
arriving at a new graph G*. Graph metrics Li, Bi, and Ci of G* were
computed and compared with the metrics of G. When comparing G*
with G resulted in similar properties for both networks (i.e., differences
that are smaller than effects found in the patient population), this would
suggest that (at least) part of the schizophrenia-related Li orBidifferences
are the result of disorganization of connections and, to a lesser extent,
just the loss of connections or connectivity strength of the brain networks
of patients. In detail, the graphmodeling consisted of the following steps.
First, the structural brain networkGn-con from subject n from the group
of N healthy controls was selected. Second, the structural brain network
Gm-pat from a randomly selected patientm from the group ofM patients
was selected. Third, within Gn-con the weights of the nodes that were
found to have a significantly changed Si profile in patients (see Results)
were replaced with the weights of Gm-pat, arriving at an adjusted graph
Gn-con*. Fourth, the graphmetrics Li and Biwere computed forGn-con*.
Steps 1–4 were repeated for all subjects n in the group of N healthy
controls. Each subject nwas assigned a randomly selected patientm, with
no duplicates (i.e., each n was matched to a unique patient m). Fifth,
differences in Li andBi betweenGn-con andGn-con*were computed. For
computational reasons, normal theory (t statistics) were used instead of
permutation testing (as done in themain analysis). To be as conservative
as possible about possible Si-induced differences between Li and Bi, an
uncorrected of 0.05was used. Finally, as the group of patient was group
matched to the group of healthy controls and not case-matchedm, step 5
was repeated 1000 times, each iteration randomly “matching” subject n
to a randomly selected patientm for all N.
Unweighted network analysis
In the main analysis a MTR-weighted graph approach was used. To test
the role of the MTR weighting on possible organizational differences
between the brain networks of patients and healthy controls, an addi-
tional test was performed in which theMTRweighting was omitted from
the analysis. For each individual dataset, all nonzero weights (i.e., all
connections) were set to 1, resulting in an unweighted version of G (i.e.,
graph representation of the structural brain network). Graph character-
istics were computed and compared between the two groups.
FA-weighted network analysis
Within the main analysis the weights of the connections were taken by
the level of MTR of the white matter tracts, assessing the level of myeli-
nation of the tracts (Foong et al., 2001; Kubicki et al., 2005b). An alter-
native measure for connectivity strength could be the level of fractional
anisotropy, as FA values are regularly used as a measure of white matter
microstructural organization and as a marker for white matter integrity
in patient studies (Sun et al., 2003; Beaulieu et al., 2005; Kim et al., 2007;
Mori et al., 2007; Van den Heuvel et al., 2008b; Chiang et al., 2009).
Therefore, an additional analysis was performed in which FA values were
used as a measure of connectivity strength. In this additional analysis, a
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similar weighted graph analysis was performed (Fig. 2, as described
above), but with the difference that this time the weight of the connec-
tions were defined as the FA values of the interconnecting white matter
tracts rather than the MTR values. Similar to the MTR analysis, overall
graph organizational properties S, C, L, and node-specific measures Si,
Ci, Li, and Bi were computed and compared between groups.
Results
Overall topology of the structural brain network
Both patients and healthy controls showed a small-world organi-
zation of the structural brain networks expressed by a gamma1
(mean: SD; patients: 1.96640.1675, healthy participants: 1.9576
0.1368) and lambda 	1 (meanSD; patients:1.09920.0146,
healthy participants: 1.09890.0172). The overall level of connec-
tivity S did not differ between patients and healthy controls (p
0.19, permutation testing), reflecting no significant difference in
overall connectivity strength (i.e., overall MTR level) between
patients and controls. Furthermore, looking at the overall orga-
nization characteristics of the brain networks of patients, the nor-
malized clustering coefficient gamma did not differ between
patients and healthy controls (p  0.45, permutation testing)
(Fig. 3a), nor did the overall normalized path length lambda (p
0.46, permutation testing, Fig. 3b). In summary, patients dis-
played gamma and lambda values close to the values of the brain
networks of the healthy controls, suggesting an intact overall or-
ganization of the structural brain network in schizophrenia, sup-
porting previous findings (Bassett et al., 2008).
Node-specific analysis
Identification of hubs
Examining the properties of the individual nodes of the brain
network identified a central network role for the following areas
in the healthy brain network: bilateral caudate (maximum hub
scores of 4 and 4, respectively), bilateral superior frontal cortex
(4,4), right middle cingulum (4, left middle cingulum scored 2),
bilateral hippocampus (3,3), right precuneus (4, left precuneus
scored 2), bilateral putamen (4,4), and the right thalamus (4, left
thalamus scored 2). Figure 4 illustrates the cortical region-
specific hub-scores.
Between-group differences in node strength Si
Group comparison revealed a reduced level of connectivity
strength Si in left and right inferior frontal cortex (p 0.012 and
p  0.0092, respectively; all p values, permutation testing), left
middle frontal cortex (p  0.0449), left superior frontal cortex
(p  0.0497), right insula (p  0.0470), and left and right palli-
dum (p 0.0315, p 0.0422), left precentral gyrus (p 0.0366),
right anterior cingulate cortex (p  0.0181), and right superior
temporal pole (p 0.0035). Effects did not survive FDR correc-
tion. The absence of Si effects marks the fact that schizophrenia
does not strongly affect the connectivity strength of the brain
network, indicating that possible effects on graph metrics are
likely to be related to organizational effects rather than just “re-
duced connectivity.” Node-specific Si values of all regions are
depicted in supplemental Figure 2b.
Between-group differences in node-specific global path length Li
Group comparison revealed an increased path length Li of frontal
and temporal regions in patients (Fig. 5a, left hemisphere, b, right
hemisphere). Specifically, patients showed longer structural path
lengths Li of the right anterior cingulate (p 0.0259, all permu-
tation testing), right superior temporal pole (p  0.0273), right
inferior orbitofrontal (p  0.0088), and inferior frontal gyrus
(p 0.0320), left middle frontal (p 0.0458), right insula (p
0.0225), right pallidum (p  0.0364), left precentral gyrus (p 
0.0224), and left middle temporal pole (p 0.0198). A decrease
in path length in patients was found in the left superior parietal
lobule (p 0.0287).
Si correction
It is important to note that the number of connections can have a
strong inverse relation with path length (i.e., less connections
generally results in a higher path length). Therefore, an additional
analysis was performed in which Li values were corrected for the
total connectivity weight Si of node i, regressing out the interac-
tion between Si and Li within each group separately (patients and
controls) and rerunning the group comparison. Using this cor-
rection, a group difference in the corrected Li can be interpreted
as a difference in the interaction between Si and Li between the
two groups. Reducing the within-group variance revealed more
pronounced, longer path length Li effects in patients in frontal
and temporal brain regions of interest: left and right anterior/
middle cingulate cortex (p  0.0098 and p  0.0002*, respec-
tively, permutation testing; * indicates region survived critical
FDR threshold for multiple comparisons, see Materials and
Methods), right superior temporal pole (p  0.0004*), right in-
ferior (p  0.0002*) and superior orbitofrontal cortex (p 
0.0347), left precentral gyrus (p  0.0002*), right insula (p 
0.0002*), right pallidum (p 0.0002*), leftmiddle temporal pole
(p  0.0012*), and left superior parietal cortex (decreased path
length, p  0.0002*). After correction, patients also showed
Figure 3. Overall graph organizational measures S, gamma and lambda values of controls
and schizophrenia patients. Overall measures of normalized clustering coefficient gamma (a)
and normalized path length lambda (b) of the patient and healthy control group. Bars express
standard deviation over the group of subjects. Figure shows no significant differences in overall
organization of the brain networks of schizophrenia patients and healthy participants on
gamma or lambda.
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longer path lengths of right middle orbitofrontal cortex (p 
0.0011*), left and right superior medial frontal cortex (p 
0.0040*, p  0.016), left and right superior frontal cortex (p 
0.0002*, p 0.0028*, * indicates region survived FDR threshold),
right precuneus region (p 0.0002*), left middle and left supe-
rior occipital lobe (p  0.0002* and p  0.0086*, respectively)
and left and right superior temporal pole (p  0.0018*, p 
0.024). Furthermore, correcting for the interaction between Si
and Li, patients showed a decrease in path length of right fusiform
gyrus (p  0.0044*), right lingual gyrus (p  0.0011*), right
paracentral lobule (p  0.0036*), and right hippocampus (p 
0.0156). Node-specific values Li of all regions are presented in
supplemental Figure 1a.
Between-group differences in node-specific clustering
clustering-coefficient Ci
Patients did not show strong alterations in local clustering. As
depicted in Fig. 5c (left hemisphere) and d (right hemisphere),
group comparison revealed a decreased clustering-coefficient of
the right hippocampus (p 0.0021*, permutation testing;* indi-
cates region survived FDR correction), left cerebellum (p 
0.0426), left insula (p  0.0439), right middle frontal (p 
0.0263), left middle and left inferior temporal gyrus (p 0.0070,
p  0.0307), left inferior parietal (p  0.0271), right and left
paracentral lobule (p 0.0026*, p 0.0276) and an increase inCi
of the left inferior occipital gyrus (p  0.0320). Not finding
strong effects on Ci suggests that local connectivity is relatively
intact in schizophrenia. Node-specific values Ci of all regions are
presented in supplemental Figure 1b.
Between-group differences in node-specific level of centrality
betweenness Bi
Group comparison revealed decreased betweenness centrality Bi
of left and right anterior cingulates (p 0. 0300 and p 0.0157
respectively, permutation testing), leftmiddle frontal cortex (p
0.0337), left superior frontal gyrus (p 0.0376), and left frontal
olfactory cortex (p  0.0281) and increased centrality of right
fusiform gyrus (p  0.0119), left superior parietal cortex (p 
0.0201), left hippocampus (p  0.0393), and parahippocampal
cortex (p  0.0492). Correcting for the
interaction of Si on Bi, (see above, Si cor-
rection) showed decreased betweenness
centrality in left and right anterior cingu-
late (p 0.0152, p 0.0046*; * indicates
region survived FDR correction), left
middle frontal cortex (p  0.0136), left
superior frontal gyrus (p  0.0162), and
left frontal olfactory cortex (p  0.0201).
Increased centrality was found in right
fusiform gyrus (p 0.0021*), left superior
parietal cortex (p 0.01), left hippocampus
(p 0.0276), and parahippocampal cortex
(p 0.041) (Fig. 6). Furthermore, correct-
ing for Si onBi revealed additional decreases
in centrality of right inferior frontal cortex
(p0.0112), leftmiddle frontal cortex (p
0.0129), left inferior orbital frontal cortex
(p 0.0487), leftmedial frontal cortex (p
0.0495), and left fusiform gyrus (p 
0.0270) and increased centrality of the left
cerebellum (p  0.0224), left insula (p 
0.0240), left superior parietal (p 
0.0108), and left superior temporal cortex
(p 0.0101) in patients. These additional
effects did not survive FDR correction.
Node-specific valuesBi of all regions are presented in supplemen-
tal Figure 2a.
Clinical effects
No significant correlations were found between clinical scores
[positive and negative symptom scale scores (Kay et al., 1987)/
cumulative medication] and the graph organizational character-
istics S, gamma, and lambda in the patient group or with the
node-specific graph metrics using an FDR of q 0.05 or even an
exploratory uncorrected threshold of 0.01. Furthermore, we
did not find significant associations between dosage of antipsy-
chotic medication intake and graph organizational measures.
From this, we carefully conclude that antipsychotic medication
did not explain our findings. Studies set up to specifically
examine the influences of antipsychotic medication on struc-
tural network topology are needed, however, before more def-
inite conclusions can be drawn regarding the influence of
antipsychotic medication on brain network topology.
Graph modeling
To further examine whether the increased Li and decreased Bi of
frontal and temporal brain regions found in patients were the
effect of coinciding reductions in Si in these regions or whether
they resulted from local disorganization, a graph modeling ap-
proach was used. The reductions in Si were modeled in the
healthy control networks, resulting in an adjusted healthy brain
network G* (see Materials and Methods). Comparing G* and G
only revealed significant increases in Li in the temporal pole (p
0.031) and inferior orbitofrontal cortex (p 0.029), but no sig-
nificant differences in graph metrics were found in the other
reported brain regions that showed an increase in Li and/or a
decrease in Bi in patients. This suggests that these between-group
differences reflect disorganizational effects rather than (or not
explainable by) a loss of connectivity strength.
Control conditions: unweighted graph analysis
To test the role of the MTR weighting on the observed Li effects,
an additional test was performed in which the MTR weighting
Figure 4. Node-specific hub scores. Figure illustrates region-specific “hub scores” of the average brain network of the group of
healthy controls. Hub scores were computed as the number of times a node belonged to the 20% of nodes having a high Ki, a high
Bi, a low Ci, and/or a low Li. High scores mark nodes that take a central position in the brain network (see Materials andMethods).
Hubs are also shown in supplemental Movie 1.
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was omitted from the analysis, setting all connections in the con-
nectivity matrix to 1, resulting in an unweighted version ofG, for
each individual dataset. Similar to the MTR analysis, no differ-
ences in gamma, lambda or K (i.e., number of connections) were
found. Moreover, the unweighted node-specific results showed
overlap with the MTR weighted analysis, with increased path
length Li of right inferior frontal cortex (p 0.010, permutation
testing; corrected for Ki), right insula (p  0.003), left middle
occipital gyrus (p 0.006), leftmiddle temporal pole (p 0.001)
and right superior temporal pole (p  0.001), shorter Li of left
superior parietal cortex (p  0.001) and decreased Bi of right
anterior cingulate (p 0.017, corrected for Ki) and left superior
frontal cortex (p  0.018). However, in contrast to the MTR-
weighted analysis, no significant differences in Li were found in
left anterior cingulum, right middle cingulum, left inferior fron-
tal cortex, and right superior frontal cortex.
Control conditions: FA-weighted graph analysis
An additional weighted graph analysis was performed in which
the weight of the connections were taken as the FA values of the
interconnecting white matter tracts rather than the MTR values.
In general, FA weighting revealed similar results as those of the
MTR-weighted analysis, supporting the results of a reduced
structural connectivity of frontal and temporal brain regions in
schizophrenia. Similar to theMTR analysis, no significant differ-
ence in overall FA connectivity strength S (p 0.46, permutation
testing; 10,000 permutations), normalized clustering coefficient
gamma (p 0.31), or normalized path length lambda (p 0.34)
were found. Furthermore, looking at the network role of the
individual nodes, the FA-weighted analysis showed significant
higher node-specific path length Li of frontal regions, including
right inferior frontal (p  0.003, permutation testing; corrected
for Si), rightmiddle frontal (p 0.023), and a trend-like higher Li
of the right temporal pole p 0.051) supporting theMTR results.
However, in contrast to theMTR-weighted results, no significant
between-group Li differences were found in left and right supe-
rior frontal regions, left and right anterior cingulum, rightmiddle
cingulum, right and left inferior and middle frontal cortex, right
insula, right occipital and left superior occipital, right superior
parietal, right superior temporal pole, or left superior temporal
gyrus. Overlapping the centrality results of the MTR weighted
analysis, the FA-weighted analysis did show a reduction in Bi of
Figure 5. Group differences of node-specific Li and Ci values between healthy controls and schizophrenia patients. Upper figures show p values of significant between-group increases in
node-specific Li (corrected for within group Si) for the left and right hemisphere respectively, marking significantly increased path length Li of olfactory, medial, and superior frontal, occipital, and
medial temporal pole brain regions in patients with schizophrenia comparedwith brain networks of thematched healthy controls (see also supplementalMovie 2). Lower figuresmark significantly
decreased node-specific clustering coefficient Ci values in patients with schizophrenia, with significantly decreased clustering coefficient of right paracentral lobule and right hippocampus. The Li
effects, together with the low number of Ci effects, tend to suggest that schizophrenia merely affects the global organization of the brain network, leaving the local organization relatively intact.
Yellow dotted line expresses the critical FDR threshold (q 0.05; see Materials and Methods).
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left superior frontal regions in patients, but this effect did not
reach significance (p 0.079, permutation testing).
Discussion
The main finding of this study is a less strongly integrated struc-
tural brain network in patients with schizophrenia, with a re-
duced central role of key frontal hubs. Although schizophrenia
patients showed an overall intact small-world topology, a signif-
icant decrease of network connectivity of frontal and temporal
areas was found. Specifically, patients displayed a significantly
increased path length (i.e., higher Li) (Fig. 5a) of olfactory, me-
dial, and superior frontal regions, anterior cingulate,medial tem-
poral pole, and superior occipital regions. As the path length of a
node expresses how close it is connected globally to other nodes
of the network, with shorter path lengths reflecting higher levels
of efficient access to information (Latora and Marchiori, 2001;
Achard and Bullmore, 2007), our findings suggest a reduced
global efficiency of frontal, temporal, and occipital brain regions
in schizophrenia. Furthermore, as patients did not show strong
changes in connectivity strength Si or local clustering Ci, our
findings tend to suggest that schizophrenia affects the global or-
ganization of the brain network and, to a lesser extent, general
connectivity strength or local organization. Indeed, the affected
superior frontal and cingulate regions were identified as key
structural connectivity hubs (Fig. 4) (Bassett et al., 2008; Hag-
mann et al., 2008), suggesting that an increased path length of
these regions is likely to have a strong impact on global informa-
tion integration in patients. This is further supported by the cen-
trality findings, showing a decreased centrality Bi of superior
frontal and anterior cingulate regions in patients. These findings
tend to suggest a decreased hub role of frontal regions in the brain
network of patients with schizophrenia (Fig. 7). As higher inte-
gration efficiency has been linked to cognitive fitness of the brain
(Bassett et al., 2009; Li et al., 2009; van den Heuvel et al., 2009a),
this may suggest that schizophrenia impacts the capacity of fron-
tal brain regions to efficiently integrate information across the
brain network. Interestingly, exploratory centrality analysis also
revealed an increase of Bi of left superior parietal, fusiform, and
(para)hippocampal regions and a decrease in path length of right
paracentral lobule and fusiform gyrus, brain regions that have
been reported to show morphological and functional changes in
patients (e.g., Ellison-Wright and Bullmore, 2010; Boos et al.,
2007). However, the impact of these results remains unclear. In-
creasedBi and decreased Li of parietal and hippocampal/fusiform
regions may indicate a shift to more temporal brain regions as a
possible compensatory mechanism for decreased centrality of
frontal regions (Bassett et al., 2008); however, our results did not
show a consistent change in graph metrics (i.e., combined Bi and
Li effects) in these regions. Future studies are therefore needed to
further examine a possible increased centrality and hypothesized
increased hub role of parietal and medial temporal regions in
schizophrenia.
The finding of an affected frontal network organization is in
line with previous studies. Bassett et al. examined inter-regional
covariation in cortical volume (Bassett et al., 2008) and, in addi-
tion to reporting on an intact overall small-world organization
(overlapping ourMTR-weighted results), schizophrenia patients
showed a reduced hierarchical organization and increased con-
nectivity distance of multimodel brain regions together with a
loss of frontal hubs, which is coherent with our current DTI
findings. However, differences can also be reported. Cortical net-
work organization of patients displayed an increased hub role of
(among others) the insula, and inferior frontal and temporal
brain regions (Bassett et al., 2008), whereas we found a decrease
in centrality of inferior frontal brain regions and an increase in
more medial/posterior temporal brain regions (hippocampal/
fusiform gyrus). Interestingly, Lynall et al. recently reported on
the aspects of functional brain networks of patients with schizo-
phrenia (Lynall et al., 2010), examining resting-state functional
MRI recordings, showing that patients have less strongly inte-
grated functional brain networks with less dominant hubs.
These functional results support our current structural find-
ings, revealing a decreased structural hub-role of frontal re-
gions in patients.
The neurological process that lead to the observed network
alterations remains, however, unclear. From the current analysis
it is hard to draw conclusions about the underlying neuropatho-
physiology, and future studies examining underlying cytoarchi-
tectural changes and their progressive character (Rapoport et al.,
Figure 6. Group differences of node-specific Bi between healthy controls and schizophrenia patients. Figure shows p values of node-specific decreases of Bi (corrected for within group Si) in
patients for the left and right hemisphere (left and right image), illustrating decreased betweenness centrality Bi of bilateral superior frontal and anterior cingulate regions in patients with
schizophrenia (see also supplemental Movie 3). Yellow dotted line expresses the critical FDR threshold (q 0.05; see Materials and Methods).
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2005) are needed. However, there is room
for speculation. MTR-weighted analysis
revealed changes in network topology dis-
tributed diffusely across the frontal lobe.
The unweighted and FA-weighted control
conditions revealed overlapping results,
but interestingly the MTR-weighted con-
ditions were more pronounced, especially
in temporal, superior frontal, and anterior
cingulate regions. BecauseMTR ismarker
for the level of myelination of white matter
(Wolff and Balaban, 1994; van Buchem,
1999), this may suggest a subtle but crucial
demyelination of widespread tracts linking
the frontal and temporal cortexwith the rest
of thebrainnetwork(Kubicki et al., 2005a,b;
Ellison-Wright and Bullmore, 2009). Fur-
thermore, as the MTR network analysis
mostly revealed decreases in global connec-
tivity profile, rather than effects on local
organization, the effects might be concen-
trated to more long-range tracts. Indeed,
structural DTI studies have reported re-
duced integrity of the cingulum tract in pa-
tients, which interconnects the frontal lobe
with the parietal lobe, and the unscinate fas-
ciculus, a key tract connecting the frontal
lobewith the temporal lobe (Ellison-Wright
andBullmore, 2009;Voineskos et al., 2010).
This may lead to reduced global integration
of information between widespread brain
regions, as functional studies have reported
less strongly globally connected and less or-
ganized functional brain networks in pa-
tients (Micheloyannis et al., 2006; Liu et al.,
2008; Lynall et al., 2010). Future studies ex-
amining the properties of long-range tracts
in schizophrenia and their specific impact
on structural and functional brain network
topology are needed.
Morphological MRI studies have evi-
dently shown decreased integrity of fron-
tal and temporal graymatter regions (e.g.,
Wright et al., 2000; Hulshoff Pol et al.,
2004; Whitford et al., 2007; Ellison-
Wright and Bullmore, 2009). As studies
have reported a progressive character of
these morphological brain changes (for
review see Rapoport et al., 2005; Hulshoff Pol and Kahn, 2008), it
is of high interest to start examining hownetwork disconnectivity
progresses over time using a longitudinal study design.
Asmentioned, our findings are supported by recent DTI studies
reporting on reduced integrity of specific structural white matter
tracts inpatients (Ellison-WrightandBullmore,2009), including the
cingulum tract and the uncinate fasciculus (Fujiwara et al., 2007;
Mori et al., 2007; Rosenberger et al., 2008; Voineskos et al., 2010).
Indeed, we recently reported an increase inMTR along the uncinate
fasciculus (Mandl et al., 2008). The current network analysis now
shows that although the specific connections within a frontal-
temporal subnetwork may show increased connectivity (i.e., in-
creased MTR), the level of global connectivity of these frontal and
regions toward theother regionsof thebrainnetwork is still reduced.
In this context, we speculate that patients may have a more isolated
frontal-temporal subnetwork, possibly with increased communica-
tion between frontal and temporal brain regions at the “cost” of
reduced external access to information, leading toward reduced
global connectivity. Examination of the node-specific clustering co-
efficientCi indeed revealed an increase in local connectedness of the
right medial frontal cortex and superior temporal pole, but these
effects were not significant ( p 0.0739 and p 0.0892, permuta-
tion testing). A possible isolated network position of frontal regions
is supported by functionalMRI studies that report on increased and
more isolated activity of the frontal cortex during cognitive tasks
(Kircher et al., 2002; Sommer et al., 2003; Weiss et al., 2006) and
aberrant connectivity during rest (Meda et al., 2009; Mannell et al.,
2010; Sigurdssonet al., 2010). Structural and functional connectivity
are related (Hagmann et al., 2008; Van den Heuvel et al., 2008b,
2009; Greicius et al., 2009; Honey et al., 2009, 2010). and recent
Figure 7. Overlap between hub nodes and brain regions affected by schizophrenia. c shows the intersection between the
collection of hub regions (hub-score 2 andmore) (a) and the union of the brain regions that showed a significant increase in path
length Li (b, upper parts) and/or a decrease in centrality Bi (b, lower parts). Overlap marks the hub regions that are impacted by
disease.
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studies have suggested both aberrant functional as well as dimin-
ished structural connectivity of specific frontal and hippocampal
regions in schizophrenia (Zhou et al., 2008; Camchong et al., 2009).
Future studies examining the exact link between complex structural
and functional brain networks are needed (Bullmore and Sporns,
2009).
Some points should be taken into account when interpreting
our results (see supplemental materials for a detailed descrip-
tion). First, the used tracking algorithm needs sufficient direc-
tional information at each point along the tract. If the directional
information is, however, not univocal, at some point the algo-
rithm is limited in reconstructing the fiber tract (Mori and van
Zijl, 2002; Jones, 2008). However, this is unlikely to influence the
examination of network differences between two groups, as stud-
ies have not reported general tractography differences between
patients with schizophrenia and healthy controls. Second, using
the AAL template, regions are very different in size, which is likely
to have an effect on the degree of the nodes; bigger regions gen-
erally have more connections (supplemental Fig. 3). However,
because an identical template was used in both groups, this is
unlikely to bias between-group differences. To verify this, a post
hoc analysis was performed in which the association between the
node size (i.e., size of a region in the AAL template) and the
between-group effect sizes of the graphmetrics was examined. As
expected, no strong associations were found between-group ef-
fects and region size (supplemental Fig. 4).
References
Achard S, Bullmore E (2007) Efficiency and cost of economical brain func-
tional networks. PLoS Comput Biol 3:e17.
Achard S, Salvador R,Whitcher B, Suckling J, Bullmore E (2006) A resilient,
low-frequency, small-world human brain functional network with highly
connected association cortical hubs. J Neurosci 26:63–72.
Andersson JL, Skare S (2002) A model-based method for retrospective cor-
rection of geometric distortions in diffusion-weighted EPI. Neuroimage
16:177–199.
Andreasen NC, Flaum M, Arndt S (1992) The Comprehensive Assessment
of Symptoms and History (CASH): an instrument for assessing diagnosis
and psychopathology. Arch Gen Psychiatry 49:615–623.
Arnone D, Cavanagh J, Gerber D, Lawrie SM, Ebmeier KP, McIntosh AM
(2009) Magnetic resonance imaging studies in bipolar disorder and
schizophrenia: meta-analysis. Br J Psychiatry 195:194–201.
Basser PJ, Pierpaoli C (1996) Microstructural and physiological features of
tissues elucidated by quantitative-diffusion-tensor MRI. J Magn Reson B
111:209–219.
Bassett DS, Bullmore E, Verchinski BA, Mattay VS, Weinberger DR, Meyer-
Lindenberg A (2008) Hierarchical organization of human cortical net-
works in health and schizophrenia. J Neurosci 28:9239–9248.
Bassett DS, Bullmore ET, Meyer-Lindenberg A, Apud JA, Weinberger DR,
Coppola R (2009) Cognitive fitness of cost-efficient brain functional
networks. Proc Natl Acad Sci U S A 106:11747–11752.
Beaulieu C, Allen PS (1994) Water diffusion in the giant axon of the squid:
implications for diffusion-weighted MRI of the nervous system. Magn
Reson Med 32:579–583.
Beaulieu C, Plewes C, Paulson LA, Roy D, Snook L, Concha L, Phillips L
(2005) Imaging brain connectivity in children with diverse reading abil-
ity. Neuroimage 25:1266–1271.
Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc Ser
B:57:289–300.
Boos HB, Aleman A, Cahn W, Hulshoff Pol H, Kahn RS (2007) Brain vol-
umes in relatives of patients with schizophrenia: a meta-analysis. Arch
Gen Psychiatry 64:297–304.
Bozzali M, Wrabetz L (2004) Axonal signals and oligodendrocyte differen-
tiation. Neurochem Res 29:979–988.
Bullmore E, Sporns O (2009) Complex brain networks: graph theoretical
analysis of structural and functional systems. Nat Rev Neurosci
10:186–198.
Camchong J, Macdonald AW 3rd, Bell C, Mueller BA, Lim KO (2009) Al-
tered functional and anatomical connectivity in schizophrenia. Schizophr
Bull. Advance online publication. Retrieved November 17, 2009.
doi:10.1093/schbul/sbp131.
Chiang MC, Barysheva M, Shattuck DW, Lee AD, Madsen SK, Avedissian C,
Klunder AD, Toga AW, McMahon KL, de Zubicaray GI, Wright MJ,
Srivastava A, Balov N, Thompson PM (2009) Genetics of brain fiber
architecture and intellectual performance. J Neurosci 29:2212–2224.
Collins DL, Neelin P, Peters TM, Evans AC (1994) Automatic 3D intersub-
ject registration of MR volumetric data in standardized Talairach space.
J Comput Assist Tomogr 18:192–205.
Ellison-Wright I, Bullmore E (2009) Meta-analysis of diffusion tensor im-
aging studies in schizophrenia. Schizophr Res 108:3–10.
Ellison-Wright I, Bullmore E (2010) Anatomy of bipolar disorder and
schizophrenia: a meta-analysis. Schizophr Res 117:1–12.
Foong J, Symms MR, Barker GJ, Maier M, Woermann FG, Miller DH, Ron
MA (2001) Neuropathological abnormalities in schizophrenia: evi-
dence from magnetization transfer imaging. Brain 124:882–892.
Friston KJ (1998) The disconnection hypothesis. Schizophr Res 30:115–
125.
Fujiwara H, Namiki C, Hirao K, Miyata J, Shimizu M, Fukuyama H,
Sawamoto N, Hayashi T, Murai T (2007) Anterior and posterior cingu-
lum abnormalities and their association with psychopathology in schizo-
phrenia: a diffusion tensor imaging study. Schizophr Res 95:215–222.
Greicius MD, Supekar K, Menon V, Dougherty RF (2009) Resting-state
functional connectivity reflects structural connectivity in the default
mode network. Cereb Cortex 19:72–78.
HagmannP, KurantM,Gigandet X, Thiran P,WedeenVJ,Meuli R, Thiran JP
(2007) Mapping human whole-brain structural networks with diffusion
MRI. PLoS One 2:e597.
Hagmann P, Cammoun L, Gigandet X, Meuli R, Honey CJ, Wedeen VJ,
Sporns O (2008) Mapping the structural core of human cerebral cortex.
PLoS Biol 6:e159.
HoneyCJ, SpornsO,CammounL,Gigandet X, Thiran JP,Meuli R,Hagmann
P (2009) Predicting human resting-state functional connectivity from
structural connectivity. Proc Natl Acad Sci U S A 106:2035–2040.
Honey CJ, Thivierge JP, Sporns O (2010) Can structure predict function in
the human brain? Neuroimage 52:766–776.
Hulshoff Pol HE, Kahn RS (2008) What happens after the first episode? A
review of progressive brain changes in chronically ill patients with schizo-
phrenia. Schizophr Bull 34:354–366.
Hulshoff Pol HE, Schnack HG, Mandl RC, Cahn W, Collins DL, Evans AC,
Kahn RS (2004) Focal white matter density changes in schizophrenia:
reduced inter-hemispheric connectivity. Neuroimage 21:27–35.
Jones DK (2008) Studying connections in the living human brain with dif-
fusion MRI. Cortex 44:936–952.
Kaiser M, Hilgetag CC (2006) Nonoptimal component placement, but
short processing paths, due to long-distance projections in neural sys-
tems. PLoS Comput Biol 2:e95.
Kanaan RA, Kim JS, Kaufmann WE, Pearlson GD, Barker GJ, McGuire PK
(2005) Diffusion tensor imaging in schizophrenia. Biol Psychiatry
58:921–929.
Kay SR, Fiszbein A, Opler LA (1987) The positive and negative syndrome
scale (PANSS) for schizophrenia. Schizophr Bull 13:261–276.
Kim JH, Loy DN, Liang HF, Trinkaus K, Schmidt RE, Song SK (2007) Non-
invasive diffusion tensor imaging of evolving white matter pathology in a
mouse model of acute spinal cord injury. Magn Reson Med 58:253–260.
Kircher TT, Liddle PF, BrammerMJ, Williams SC, Murray RM,McGuire PK
(2002) Reversed lateralization of temporal activation during speech pro-
duction in thought disordered patients with schizophrenia. Psychol Med
32:439–449.
Kraepelin E (1919) Dementia praecox and paraphrenia, 8th Ed. Edinburgh:
Livingstone.
Kubicki M, McCarley RW, Shenton ME (2005a) Evidence for white matter
abnormalities in schizophrenia. Curr Opin Psychiatry 18:121–134.
Kubicki M, Park H, Westin CF, Nestor PG, Mulkern RV, Maier SE, Nizni-
kiewicz M, Connor EE, Levitt JJ, Frumin M, Kikinis R, Jolesz FA,
McCarley RW, Shenton ME (2005b) DTI and MTR abnormalities in
schizophrenia: analysis of white matter integrity. Neuroimage 26:1109–
1118.
Kubicki M, McCarley R, Westin CF, Park HJ, Maier S, Kikinis R, Jolesz FA,
van den Heuvel et al. • Aberrant Brain Network Topology in Schizophrenia J. Neurosci., November 24, 2010 • 30(47):15915–15926 • 15925
Shenton ME (2007) A review of diffusion tensor imaging studies in
schizophrenia. J Psychiatr Res 41:15–30.
Latora V, Marchiori M (2001) Efficient behavior of small-world networks.
Phys Rev Lett 87:198701.
Li Y, Liu Y, Li J, QinW, Li K, YuC, Jiang T (2009) Brain anatomical network
and intelligence. PLoS Comput Biol 5:e1000395.
Liu Y, Liang M, Zhou Y, He Y, Hao Y, Song M, Yu C, Liu H, Liu Z, Jiang T
(2008) Disrupted small-world networks in schizophrenia. Brain 131:
945–961.
Lynall ME, Bassett DS, Kerwin R, McKenna PJ, Kitzbichler M, Muller U,
Bullmore E (2010) Functional connectivity and brain networks in
schizophrenia. J Neurosci 30:9477–9487.
Mandl RC, SchnackHG, ZwiersMP, van der Schaaf A, KahnRS,Hulshoff Pol
HE (2008) Functional diffusion tensor imaging: measuring task-related
fractional anisotropy changes in the human brain along white matter
tracts. PLoS One 3:e3631.
Mandl RC, Schnack HG, Luigjes J, van den Heuvel MP, Cahn W, Kahn RS,
Hulshoff Pol HE (2010) Tract-based analysis of magnetization transfer
ratio and diffusion tensor imaging of the frontal and frontotemporal
connections in schizophrenia. Schizophr Bull 36:778–787.
Mannell MV, Franco AR, Calhoun VD, Can˜ive JM, Thoma RJ, Mayer AR
(2010) Resting state and task-induced deactivation: a methodological
comparison in patients with schizophrenia and healthy controls. Hum
Brain Mapp 31:424–437.
Meda SA, Stevens MC, Folley BS, Calhoun VD, Pearlson GD (2009) Evi-
dence for anomalous network connectivity during working memory en-
coding in schizophrenia: an ICA based analysis. PLoS One 4:e7911.
Micheloyannis S, Pachou E, Stam CJ, Breakspear M, Bitsios P, Vourkas M,
Erimaki S, Zervakis M (2006) Small-world networks and disturbed
functional connectivity in schizophrenia. Schizophr Res 87:60–66.
Mori S, van Zijl PC (2002) Fiber tracking: principles and strategies - a tech-
nical review. NMR Biomed 15:468–480.
Mori T, Ohnishi T, Hashimoto R, Nemoto K, Moriguchi Y, Noguchi H,
Nakabayashi T, Hori H, Harada S, Saitoh O, Matsuda H, Kunugi H
(2007) Progressive changes of white matter integrity in schizophrenia
revealed by diffusion tensor imaging. Psychiatry Res 154:133–145.
Rapoport JL, AddingtonAM, Frangou S, PsychMR (2005) The neurodevel-
opmental model of schizophrenia: update 2005. Mol Psychiatry
10:434–449.
Reijneveld JC, Ponten SC, BerendseHW, StamCJ (2007) The application of
graph theoretical analysis to complex networks in the brain. Clin Neuro-
physiol 118:2317–2331.
Robins LN, Wing J, Wittchen HU, Helzer JE, Babor TF, Burke J, Farmer A,
Jablenski A, Pickens R, Regier DA, Sartorius N, Towle LH (1988) The
Composite International Diagnostic Interview: an epidemiologic instru-
ment suitable for use in conjunctionwith different diagnostic systems and
in different cultures. Arch Gen Psychiatry 45:1069–1077.
Rosenberger G, Kubicki M, Nestor PG, Connor E, Bushell GB, Markant D,
NiznikiewiczM,Westin CF, Kikinis R, Saykin AJ,McCarley RW, Shenton
ME (2008) Age-related deficits in fronto-temporal connections in
schizophrenia: a diffusion tensor imaging study. Schizophr Res 102:181–
188.
Rubinov M, Sporns O (2010) Complex network measures of brain connec-
tivity: uses and interpretations. Neuroimage 52:1059–1069.
Sigurdsson T, Stark KL, Karayiorgou M, Gogos JA, Gordon JA (2010) Im-
paired hippocampal-prefrontal synchrony in a genetic mouse model of
schizophrenia. Nature 464:763–767.
Sommer IE, Ramsey NF, Mandl RC, Kahn RS (2003) Language lateraliza-
tion in female patients with schizophrenia: an fMRI study. Schizophr Res
60:183–190.
Sporns O, Zwi JD (2004) The small world of the cerebral cortex. Neuroin-
formatics 2:145–162.
Sporns O, Honey CJ, Ko¨tter R (2007) Identification and classification of
hubs in brain networks. PLoS One 2:e1049.
Stam CJ, de Haan W, Daffertshofer A, Jones BF, Manshanden I, van Cap-
pellen van Walsum AM, Montez T, Verbunt JP, de Munck JC, van Dijk
BW, Berendse HW, Scheltens P (2009) Graph theoretical analysis of
magnetoencephalographic functional connectivity in Alzheimer’s dis-
ease. Brain 132:213–224.
Sun Z,Wang F, Cui L, Breeze J, Du X,Wang X, Cong Z, Zhang H, Li B, Hong
N, Zhang D (2003) Abnormal anterior cingulum in patients with
schizophrenia: a diffusion tensor imaging study. Neuroreport 14:1833–
1836.
Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O,
Delcroix N,Mazoyer B, JoliotM (2002) Automated anatomical labeling
of activations in SPM using a macroscopic anatomical parcellation of the
MNI MRI single-subject brain. Neuroimage 15:273–289.
van BuchemMA (1999) Magnetization transfer: applications in neuroradi-
ology. J Comput Assist Tomogr 23 [Suppl 1]:S9–S18.
van den Heuvel MP, Stam CJ, BoersmaM, Hulshoff Pol HE (2008a) Small-
world and scale-free organization of voxel based resting-state functional
connectivity in the human brain. Neuroimage 43:528–539.
van den Heuvel M,Mandl R, Luigjes J, Hulshoff Pol H (2008b) Microstruc-
tural organization of the cingulum tract and the level of default mode
functional connectivity. J Neurosci 28:10844–10851.
van denHeuvel MP, StamCJ, Kahn RS, Hulshoff Pol HE (2009a) Efficiency
of functional brain networks and intellectual performance. J Neurosci
29:7619–7624.
van den Heuvel MP, Mandl RC, Kahn RS, Hulshoff Pol HE (2009b) Func-
tionally linked resting state networks reflect the underlying structural
connectivity architecture of the human brain. Hum Brain Mapp
30:3127–3141.
Voineskos AN, Lobaugh NJ, Bouix S, Rajji TK, Miranda D, Kennedy JL,
Mulsant BH, Pollock BG, Shenton ME (2010) Diffusion tensor tractog-
raphy findings in schizophrenia across the adult lifespan. Brain 133:1494–
1504.
Watts DJ, Strogatz SH (1998) Collective dynamics of ‘small-world’ net-
works. Nature 393:440–442.
Weiss EM,Hofer A, Golaszewski S, Siedentopf C, Felber S, FleischhackerWW
(2006) Language lateralization in unmedicated patients during an acute
episode of schizophrenia: a functional MRI study. Psychiatry Res
146:185–190.
Whitford TJ, Grieve SM, Farrow TF, Gomes L, Brennan J, Harris AW,
Gordon E,Williams LM (2007) Volumetric white matter abnormalities
in first-episode schizophrenia: a longitudinal, tensor-based morphome-
try study. Am J Psychiatry 164:1082–1089.
Wolff SD, Balaban RS (1994) Magnetization transfer imaging: practical as-
pects and clinical applications. Radiology 192:593–599.
Wright IC, Rabe-Hesketh S,Woodruff PW, David AS,Murray RM, Bullmore
ET (2000) Meta-analysis of regional brain volumes in schizophrenia.
Am J Psychiatry 157:16–25.
Zalesky A, Fornito A, Bullmore ET (2010) Network-based statistic: identi-
fying differences in brain networks. Neuroimage 53:1197–1207.
Zhou Y, Shu N, Liu Y, Song M, Hao Y, Liu H, Yu C, Liu Z, Jiang T (2008)
Altered resting-state functional connectivity and anatomical connectivity
of hippocampus in schizophrenia. Schizophr Res 100:120–132.
15926 • J. Neurosci., November 24, 2010 • 30(47):15915–15926 van den Heuvel et al. • Aberrant Brain Network Topology in Schizophrenia
